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Abstract
This paper focuses on the methodologies and tools in use to answer the following research question: Is the dynamic and acoustic 
behaviour of electric vehicles without consequence in terms of a safe integration into current and future road traffic? Our research 
aims at investigating possible dissimilarities between electric and combustion cars that could reveal potential road safety risks. 
To this end, vehicle dynamics and acoustic parameters were collected in a field operational trial that was carried out on 
a dedicated test track, where a professional test driver executed a series of specific driving manoeuvres with three pairs of 
combustion-electric cars. Preliminary analyses indicate significant differences for the interior acoustics and the external acoustic 
emissions. Regarding the vehicle dynamics, no direct road safety relevant differences were identified yet.
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1. Introduction
Beside energy efficiency, the planning of charging infrastructure and the environmental benefits, the topic of road 
safety is of utmost relevance for the present boom of electric powered vehicles. Due to different sizes, masses, 
weight distribution and acoustic properties of these types of vehicles, different vehicle dynamics and perceptions of 
other road users could be expected [Garay-Vega et al. (2010), Morgan et al. (2011), Aleksa et al. (2013)]. These 
aspects may result in changed demands on crash probabilities, circumstances of accidents and severity rates.
The ongoing project E-ENDORSE, funded by Fondation MAIF, comprises innovative solutions to the aspects 
aforementioned, especially for policy makers who develop roadmaps for a safe integration of electric vehicles, as 
well as insurance companies who have to deal with new types of potential safety risks. 
For the safe integration of electric cars (e-cars) in modern transport systems, road safety must be taken into 
account. In terms of acoustic behaviour, e-cars are quiet and the low noise emission is regarded as generally positive 
in terms of reducing urban noise pollution. However, an increased safety risk can be noted. Research shows that 
electric cars are acoustically similar to combustion-based cars at velocities above 30 km/h, but they are significantly 
less audible at velocities below 30 km/h, therefore an increased risk exists, especially for visually impaired and blind 
pedestrians [Pilgerstorfer et al. (2013), Glaeser et al. (2012)]. This risk has already been acknowledged in several 
countries that are considering minimum sound requirements or acoustic warning signals for e-cars – e.g. US 
Department of Transportation (2013). 
In terms of dynamic behaviour, little specific research has been done on safety of e-cars. Most studies has been 
conducted by means of field operational trials, followed by questionnaires, interviews and surveys that investigate 
changes in driver behavioural characteristics, rather than the safety of electric vehicles [Caroll (2010), Caroll (2011), 
Jabeen et al. (2012)]. However, high accelerations or decelerations and heavy braking manoeuvres were observed in 
a study from Aleksa et al. (2013) investigating the differences between electric and combustion cars.
This paper focuses on the methodologies and tools in use to answer the following research question: Is the 
dynamic and acoustic behaviour of electric vehicles without consequence in terms of a safe integration into current 
and future road traffic? To this end, we developed a two-fold methodology: vehicle dynamics were analysed through 
comparison of similar electric and combustion-based vehicles through a series of driving tests, performed in a test 
trial. Simultaneously, information regarding the internal and external noise produced by the vehicle pairs was 
gathered. Results of our preliminary investigations can already be highlighted.
2. Test trial procedure
2.1. Test location and vehicles 
The test trial was performed on a closed professional track to conduct specific driving manoeuvres. This ensured 
that all cars were evaluated on identical road surface conditions. Three different test tracks were used for the 
purposes of the trial. 
Three pairs (electric - combustion) of cars were chosen to be evaluated in terms of vehicle dynamics and 
acoustics. In order to allow for a comprehensive comparison, it was aimed to investigate vehicle-pairs being as 
similar as possible (e.g. engine power, vehicle class, dimensions, transmission, etc.), as well as representing different 
vehicles classes. The selected vehicle-pairs this study were: 1) Renault Fluence Z.E. - Renault Megane Grandtour, 2) 
Renault Zoe - Renault Captur and 3) Mitsubishi i-MiEV - Fiat 500. Out of the three c-cars, only the Fiat 500 is 
operated with a manual gearbox.
2.2. Driver
The test drives were performed by an Austrian professional driver, whose expertise in driving different types of 
vehicles ensured that a similar driving style and performance was employed throughout the duration of the trial. The 
aim was to eliminate the influence that a driver’s previous experience, style and adaptation behaviour may have on 
the car’s performance. In order to eliminate the influences of a driver’s driving experience, style and adaptation 
behaviour on the measurement results as much as possible, a professional driver carried out the test drives. 
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2.3. Study procedure
The test drives were performed in June 2014 in Austria. During two days, the professional driver performed 
a series of specific driving manoeuvres on three test tracks, according to pre-defined sequences, with each electric 
and combustion car. The selection of manoeuvres and velocities for the test trial was intended to mimic common 
manoeuvres performed in normal traffic conditions at urban speeds. Therefore, the sequences included manoeuvres 
such as: acceleration from standstill to 40 km/h in a curve, normal brake from 30 km/h to standstill on a straight 
section, constant velocity of 40 km/h in a curve section, lane change abort to the left manoeuvre at 40 km/h, etc. 
2.4. Data collection
Vehicle dynamics and acoustics data was collected during the test trial by means of dedicated acquisition 
systems, installed in each car. The data acquisition system for the measurement of vehicle dynamics comprised of 
two systems, which ran in parallel. The E-FFEKT system comprises of two smartphones, connected through wireless 
communication and running a mobile application. The second sensor system is called VBox and it comprises of 
a data logger and an Inertial Measurement Unit (IMU). Therefore, the following parameters were collected during 
the test drives: 1) velocity (GPS, heading), 2) 3-axes acceleration, 3) pitch, roll, yaw and 4) front video.
The data acquisition system for acoustic measurements comprised of a system with conventional microphones 
and a system with an artificial head. Both are capable of recording the sound pressure in raw format, which enables 
maximum flexibility for the data analysis. The artificial head is designed for emulating the acoustic influence of the 
human head and shoulder.
3. Vehicle dynamics measurements and analysis
3.1. General outline 
This chapter is devoted to the analysis of the vehicle dynamics measurements with the aim of discovering 
possible differences in the vehicle dynamics between electric and conventional combustion cars that are related to or 
caused by the powertrain.
Measurement data:
The main measurement system for the vehicle dynamics is the VBox with its IMU delivering GPS-based position 
and Kalman-filtered velocity as well as accelerations and rotational angles. From the E-FFEKT measurement 
system, the video recordings are of most interest. 
Pre-processing and data annotation:
In order to reduce the noise present in the measured signals, the raw data is first down-sampled to 20 Hz and the 
two measurement systems are post-synchronised using their GPS time stamps and the lateral acceleration ay. Based 
on the manoeuvre-plan in Figure 1, the recorded GPS-trajectory of each car was subdivided into different sections 
thereby allowing to define driving events than can later be used to group and aggregate the respective data. To 
obtain an even more fine-grained picture about the performed driving manoeuvres, a video-analysis tool (developed 
by AIT Austrian Institute of Technology) called SafetyCam was employed. By displaying simultaneously both the 
vehicle dynamics data and the recorded video, the user can annotate certain time periods and provide information 
about the performed manoeuvre. 
Analysis:
The analysis of the vehicle dynamics data is qualitative in nature and centred on specific driving events 
(i.e. manoeuvres) as further outlined in the next section.
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3.2. Analysis and results
The main issues addressed in the analysis can be described as follows:
x The engines of e-cars may provide high power-to-weight ratios or rather high torques that remain relatively 
constant even at low speeds. Does this potential increase in acceleration performance indeed lead to higher 
than normal (with respect to c-cars) accelerations?
x The engines of e-cars can recuperate kinetic energy from deceleration phases and load the accumulator, 
thereby improving energy-efficiency. Does recuperation lead to higher than normal (with respect to c-cars) 
decelerations or cause abrupt braking?
x Does the different weight distribution and centre of gravity of e-cars have an effect on the dynamic behaviour 
of the car?
For carrying out the analysis, the vehicle dynamics variables of most interest are the velocity v, as well as the 
longitudinal and lateral acceleration ax and ay respectively. These indicators are both significant in describing the 
motion of the vehicle, as well as easy to interpret. Furthermore, compared with the rotational angles, they are less 
dependent on the vehicles chassis which is different by design.
Methodology:
To answer the above questions, three different visualization concepts are employed:
x Compare distributions of variables:
In order to visualise the distribution of a driving dynamics variable for a certain car and a certain driving event, so 
called violin plots are used. They are similar to and can be understood as vertical two-sided smoothed histograms as 
they show the probability density of the data at different values. Additionally, the median (solid line) as well as the 
lower and upper quartiles (dashed lines) are marked. See Figure 1 for an example.
x Compare relationships between two variables:
The relationship between the lateral acceleration ay and the velocity v for two certain cars (belonging to the same 
class) and a certain driving event variables can be visualized by means of scatter or joint plots. Here the data is 
displayed as a collection of points where the respective coordinates of each point are given by the variable values. 
For easier interpretation, central tendencies are computed by performing a kernel regression and are displayed as 
well. See Figure 2 for an example.
x Compare time series:
Time series plots visualize the evolution of a driving dynamics variable for two certain cars (belonging to the 
same class) and a certain driving event. Interesting driving events are, for example, the lane change abort 
manoeuvres and the respective sections as defined via the GPS trajectory. It is important to note that instead of time, 
the covered distance between the beginning and the end of the GPS-section is normalized to one and used as the 
independent variable. Because of the inherent variability in the data, the mean as well as a confidence band is 
computed and displayed to help emphasize underlying patterns. See Figure 3 for an example.
Selected preliminary results:
Preliminary results for selected driving events are presented for the vehicle pair Renault Fluence Z.E. (FL) and 
Renault Megane (M).
To get an overall impression of the acceleration-characteristics of the cars included in this study, an acceleration 
manoeuvre (up to 40 km/h) performed is considered. The corresponding vehicle dynamics data is visualized in 
Figure 1. A more detailed picture of the acceleration phase can be obtained by displaying both ax and 
v simultaneously, as it is done in Figure 2. To understand the dynamic behaviour of the vehicles, the lane change left 
abort manoeuvre performed on track M3 (blue) is investigated. To this end, aggregated values in form of a central 
tendency (mean) and interval estimates are plotted in Figure 3.
In Figure 1, slightly heavier tails for larger ax can be observed for the c-cars indicating higher acceleration values. 
However, the position of the location indicators median and quartiles is almost identical in all cases suggesting 
comparable overall accelerations. The distributions of the lateral acceleration values ay are similar. The bimodal 
character originates from data with very low velocity v (shortly after the acceleration begun) and from data with 
higher velocities. 
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Fig. 1. Violin plots of ax and ay for acceleration from 0 to 40 km/h.
Regarding the c-car in Figure 2, the gear changes are clearly visibly in form of the jumps and notches. We again 
observe that acceleration values tend to be smaller for e-cars although the relatively constant torque does indeed 
allow for brisker accelerations as other results (not included here) indicate. Hence, given the driver’s task to 
accelerate to a given target velocity, the acceleration process appears more smooth and controlled for e-cars and the 
higher torque does not seem to necessarily lead to higher longitudinal accelerations ax.
Regarding the dynamic behaviour in curves, which is captured by the lateral acceleration ay, the displayed vehicle 
pair in Figure 3 exhibits an almost identical behaviour. This indicates that the altered weight distribution due to the 
different powertrain can be successfully accounted for by proper vehicle-design. For the pairing Renault Zoe and 
Renault Captur it was found that the e-car returned later to the original lane which might be related to its larger 
inertia. However, the similar behaviour of two of the three pairs suggests that the influence of the drivetrain can be 
well balanced by the vehicle-design mitigating possible adverse effects. Altogether the vehicle-design thus seems to 
be the dominant factor.
Fig. 2. Joint plot of ax versus v for acceleration from 0 to 40 km/h, vehicle pair: FL-M.
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Fig. 3. Time series plot (mean and confidence interval) for ay for lane change left abort, vehicle pair: FL-M.
4. Acoustic measurements and analysis
4.1. General outline 
In this chapter, the analysis of the acoustic measurements is described, analysis which has been carried out to 
study the interior acoustics and the exterior acoustic emissions of the vehicles with regard to road safety.
4.2. Interior acoustics
The analysis procedure of the interior acoustics measurements is divided into 3 steps and can be described as 
follows:
Measurement data:
The main data acquisition interface consisting of an artificial head connected to a portable front-end delivers raw 
data with a sampling frequency of 48 kHz and a resolution of 24 bits and can be played back like conventional audio 
data. In addition, vehicle dynamics data are used from the VBox for the acoustic analysis.
Pre-processing:
In the second step, the synchronisation between the acoustic raw data and the vehicle dynamics data is carried out 
by first calculating the A-weighted sound pressure level with an exponential time weighting with a time constant of 
Ĳ = 125 ms (LAF) and aligning it with the lateral acceleration data. 
Analysis:
An in-depth investigation was carried out for all driving events which involved constant speeds and takes into 
account all driving events of a vehicle on straight sections of the test tracks. The calculation of the LAF for the data 
recorded with the left and right ear of the artificial head provides a measurement quantity for the overall noise level 
as a function of time. By calculating the median sound pressure level LAF,med from the LAF for different constant 
speeds, the average noise level inside the vehicle during these driving events can be determined and compared for 
each pair of electric-combustion cars. 
4.3. Exterior acoustic emissions
For the investigation of the exterior acoustic emissions, an additional measurement campaign was carried out to 
meet the high demands on the background noise and wind conditions. In order to investigate a traffic situation where 
a pedestrian is standing at the kerb-side, pass-by measurements based on aspects of the standards ISO 362-1 (2015) 
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and ISO 11819-1 (1997) have been conducted, as depicted in Figure 4. The different parts of the analysis can be 
explained as follows:
Measurement data:
The main measurement system consists of an artificial head and a photoelectric sensor. Two additional 
microphones have been used to supplement the recorded data with the artificial head. The data of the photoelectric 
sensor at the position of the artificial head allows an exact determination of the point where the vehicle is in one line 
with the artificial head (crossing lines in Figure 4).
Pre-processing:
A manual post-synchronisation was performed on the basis of the calculated LAF,max of a hand clap, which was 
carried out at the beginning of every measurement. This enabled a combined acoustic analysis with data from both 
measurement systems.
Analysis:
In accordance with the standard analysis procedures in ISO 362-1 (2015) and ISO 11819-1 (1997), the maximum 
sound pressure level LAF,max of the pass-by was determined for every acoustic sensor for every measurement to 
compare the maximum pass-by level against different speeds for every pair of vehicles.
4.4. Analysis and results 
Scope
Similar to the analysis of the vehicle dynamics, the analysis of the interior acoustics and the exterior acoustic 
emissions aims to uncover dissimilarities that are related to or caused by the powertrain and can lead to road-safety-
relevant implications. The main issues addressed in the analysis can be described as follows: 
x Depending on the acoustic design of the combustion engine vehicle and the propulsion system itself, the 
internal acoustic feedback of a combustion engine has a substantial impact on the overall noise in the interior 
of the vehicle. Does the different propulsion system of the electric vehicle lead to a lower noise level, and if 
yes, does the lower noise level in the interior of the vehicle lead to an underestimation of the current speed of 
the vehicle?
x The acoustic feedback of a combustion-based car gives the driver qualitative information about the current 
acceleration. Does the propulsion system of electric vehicles provide the driver also with an acoustic 
feedback, which is connected to engine speed and the torque of the engine? If no, can this missing acoustic 
information lead to higher accelerations and therefore to a more sporty driving style with electric vehicles 
compared to combustion engine vehicles?
x It is expected that the external noise emission of electric vehicles differs from the external noise emission of 
combustion engine vehicles and is generally lower, especially at speeds below 30 km/h. How does this affect 
the overall noise emissions of an electric vehicle and how do they differ from the overall noise emissions of 
a combustion engine vehicle?
Selected preliminary results
Interior acoustics
In order to get a first overview of the average noise levels at constant speeds for all investigated vehicles, the 
median value LAF,med has been determined according the procedure described in the beginning of the chapter. 
Figure 5 shows the results calculated from the acoustic data recorded with the left ear of the artificial head. If less 
than 5 seconds of data were available for a certain speed range, the corresponding line appears dashed in the plot.
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Fig. 4. Measurement setup of the investigated pass-by situation.
The median sound pressure levels LAF,med of all investigated electric vehicles are lower for all examined 
constant speeds than the ones for the investigated combustion engine vehicles, except for the Renault Captur at 
speeds around 27.5 km/h. While the determined quantity of the LAF,med for the Mitsubishi i-MiEV and the Renault 
Fluence Z.E. is very similar for speeds between 20 km/h and 35 km/h, at constant speeds around 50 km/h, the 
LAF,med of the Fluence is slightly below the median noise level of the i-MiEV. This difference has already been 
observed in a previous study - Pilgerstorfer et al. (2013) - by with the same vehicles and increases with higher speeds 
above 50 km/h. It is likely that this difference is related to the i-MiEV’s lightweight construction, which favours 
vibrations and a worse sound insulation against tyre-road noise and wind noise.
Fig. 5. Interior median sound pressure level at the left ear of the artificial head as a function of constant speed for all investigated vehicles.
Exterior acoustic emissions
For the exterior acoustic emissions, the results of the analysis of the vehicle pair Renault Fluence Z.E. – Renault 
Megane are presented in this section. The results depicted in Figure 6 show a significant higher maximum pass-by 
noise level LAF,max for the whole investigated speed range. The results of the Renault Megane deliver a clear 
evidence that the engine-speed-dependent noise of the vehicle contributes to the LAF,max, since the results at 10 and 
11 km/h in the first gear are higher than the results at 13 and 19 km/h, which were obtained with the vehicle passing 
by with the second gear and a lower engine speed. The logarithmic regression function of the results for the Renault 
Fluence Z.E. on the other hand show a shape like the noise emitted by the tyre-road interaction as described also in 
Sandberg and Ejsmont (2002). This means that the tyre-road noise is the most dominant factor for the measured 
LAF,max for the Renault Fluence Z.E.
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Fig. 6. Comparison of the exterior maximum sound pressure level for constant pass-by speeds for pair FL-M measured with the left ear of the 
artificial head
5. Preliminary results and follow-up activities
The preliminary results of the analysis within the project E-ENDORSE give a first indication regarding the 
potential differences between electric and combustion cars.
Regarding vehicle dynamics, the analysis did so far not reveal direct road safety risks of electric vehicles, 
compared to combustion ones. The analysis will be supplemented by simulations using the gathered data to calibrate 
suitable vehicle models. The simulation environment will be employed to perform parameter studies in order to 
investigate critical driving conditions resulting from e.g. larger speeds or lower friction – situations which are 
difficult to investigate in a real-world driving situation.
With respect to the measurements of the interior acoustics and the exterior acoustic emissions, significant 
differences were observed. Regarding the exterior emissions, a listening test is currently ongoing to investigate the 
acoustic detectability of e-cars. The respective results will be used in course of accident simulations to evaluate the 
impact of possibly delayed recognition of approaching e-cars by vulnerable road users. For the discovery of potential 
impacts related to the interior acoustics, a so called “hidden speedometer” field test has already been conducted to 
investigate the influence of the different acoustic feedback on the driver’s speed choice and perception. However, 
the first analysis revealed no road safety relevant adverse effect of the different acoustic feedback of e-cars on the 
driver’s ability to achieve and maintain a certain driving speed. The respective results are presented in Czuka et al. 
(2015).
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